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METALLIC GLASSES Fe40Ni40P,4B6 AND

IRIW)IATION HIIH BOO MeV PROTONS*

R. Cost and U, F. Sofmner
Alamos Ndtionitl Laboratory
Los Alamos, NM 87545

M?talllc glasses with crrmpo%itionz of Fer Ni P !! dnd Fm, D ~ were irradiated in t!IC

‘~ ~By~~c~Facili~~ ~hilethe eloctricalre-800 lfQV proton beam at th~ Los 41arnYs Moi n
Sfstance dnd lcncth chanqrs were monitorl)d. The rrsistancp dnd the lrnqth of th
first alloy kierc both fo,md tc’ incrcdse and saturate with dose to TR!I? “-5 x 1(I -5 and
.?L/L 2 X 10-’. For the SPCOIIII dlloy t)e tnt~l dOSe of 1,1 x lf113 P/cm<, which wds

calculated to give ruuqhl~ 0.12 dna, was Sli!ih:ly less than thfit requirr?d for sat-
uration. No Arrnealinq 0? ?I:PSP irrcreascs w,Is observed for anneals from room tem=r-
ature to 250-C. Those rr$t~lts aru Interpreted in ternls of a mndcl in which collision
Cascddes crcatc srJll refliol;% of incrcascd atcsnic disorder which fully overlap each
other at s~turdtion.

IRTMDUCTION

The nebly d~vrlrqwcl rlaks III mdlrrlals knuwn ● s

mrlallir IIlaEmrs or ●morphous •rt~]ri have
rprrial proprrtlrs blllrtl CIVr thrm, pui_ntIal
fOr lr,”hno]oRlrJl J!)l]IIJtlilfIS. }Or llIbLJlllF,
it has hrvm prqwkrd that lItmL”JIIK~ of thr: r

●marphoms ●trurturr thrnr m.llrrl~ls will lPIIII

to k rr9161ant 10 Ili.m.Igr III rddl.111.,n rwvlrnm-

mmnls ●nd thus rnuld ht. utrful III Ilt:.lon aml
fusIow rrar~ur lrLIImIImgIrb

Thcr* 1,.JVIO F?-11 r~l.ltlvrly !rw l:lv,.:tla.,tltn~
of thr rrsl,nlln.. of m~,:.11 llr gldt -.r~, lU Vdrlt)us

Etrwfn of Ilradliltluu. .Ind iLI d-lr III, wrItt9.11

rFvlrW nf khour hllllflFh rMIBtS II w.IrI nrln-

~rtally rombidrrrd IIIJI In lM prf”-lrIJ,ll*lrlt
●lJlr thr ●lom!r bI rutiurr III JII •II,I~IIIhI III%

mrtal prrprrd by I I.111111 quFnrh Iwx k.1* hIJ nrar -
ly random that thr rtndum,zln~ *I~IIi.11 III,lI;.IIF-

mrrt~ ●md rrarranrrrnrills rrsulllur lI14r patlltlc”

lrradsatlnm WIIII14 11111 IFIId lU ItI.IIIXr thr btrut-

turr •n~ ~sroprrlirh “ihr rrrrmi horh III t.llluft.

●t .J1 [I,2J ●nd ulfII.Ih [ !.41 11.1* r.fII,WII lliat

~rr~!!l~ll[)ir Cdll ,Jll$l. hlr!ll I 11’.lnt 111411HI”* 11~

both thr nlru(turr ~nd Ihr prIIIIISII lr~. }rnm

ttrrmr Irmllllh 1! Ih IIIVIIII”A III*I Illddl.lllfvl lb
●ctual ly rank InK ● II inrrrahr In lhr al IIrIll

dlootdrr uvrr ●nd +11.IVIS Ihr ,,,11~-,~t,.1,.mllrfi:. In

lhr prr-lrrsdtalrd llIiIII11-4~uI.nt tlI’11 :ml#t@.

sian-, FC40NI ~P II ●d FI)R,,B20, durlw
,rrsdi*t,nn w, LkHJbqc.V,,r’,t,,,,k. Thtsr two

●lloys wrrr rhosrn brr~usr Llwy wrrr k“!ImIIII’rL IJI -

Iy ●vaIldlIIIo in rlhlmu fl,rm ~rlll.lt,lr III thl:i

rrrprrlmr, nl mnd hrc.rusr thrlr propcrtirk w,Ir

w1l rhJldC trrl~f-il bY prl,lr lnvrstl~,ll lw:fi,

Prnt(m Irrd,ll.il ion bas 1~11-HfsII lIfIr.IIlhI. IIt t!ir

● vdl ]Jtll lIt V IIf thr LOb A1.IIIIIIb !khijn l’hy:.1, %

FaCIIItY [LA’tl’1”) prnLorr lrl,i,ll.1tlc,ll-1.1[ IIIfy
●nd hrcaubc thr prnrtrdting p,w,r III IIIV H(IO
llr~ I,rutk;l, l,i.Jm ,IllQ,wrIl }Clmlilt.lnruuh ilidll;.i-

tlun of brvrsil bdmplrh.

HX[’}.k[HESIAl. H}.llhll)

Srvrral dIfft.frIIl srl~ of k.tmplr~ wrrr lrr.iill-
ttrd al dlffrrwnt d.llrh fIIi I rr.1111.11 IOfI I,rl II IIIC.

01 f rmm onr tU t f-n IIJys, Nlltll Im,l,lllll”
RIa~~ ●llI_IyS WlrC- (ltDtJlllrlt dx SIIII1)i WIIIIIIII lltI

hnn from AllIrIl (“IIrmIc Jl (III. Thv }I=L()$IW,,I”, 1.,,.,
rihhon Wak 1,8 umI Y O. OfIl mm III {rllkh *r ItIl II

●md thr }VK(III,,I k,.l~ I ,0 nm a il.111} mm. :,.$,.,41

harnplrs H {m ion~ IJI -.rt.h *I IIIV wrlr uw,tlllti,il
hurlzt,mi.llly At v~rlous pII\II IIInfi III J ,ip,.i IM,.11
holrtrr with thr : IIIIIUII huifa(r I,~,rl~~.lltlltl”l.ll (II

thr brJm. lhPV W(ilf, {’Jlrill)lV .IIIMIIPII hi, Ifl.lf
the l)~mt(~il 11,.~m ●(111111 11.I~S tl)lilli~ll Ihrrn +~,.illi.ll! -

lal Iy and r+srnt 111I Iy wrrd~.rl.,di.d III I.111.1).V I ‘1 I
Calru14t 11111* I.1 1111, II.. ( li.,I*r III Ilr,mm dIIt. t,, mlIl-

Ilplr atatlrl IIIE RhIIhIIIl IImIgtlly J *L df I trd:.c.

betwrrw mu((r>~lva, ~.lmplr-h 1111.

Tttr ●llJpr Of thr pIIIt IIn Iw. am Iuf thr II I .IIIIJ! 10111

W*5 dpprt)~lm.ltc,l:, iillllltli~l With J I!l%tllblill,,ll

in Ihr vrrllI .11 *1111 }Ii,llz,,lltdl dllrrljilll!. blIIIII

Wafi 1 l(lh~ [II (,411, $1,111. 1111. 11111 Wldlll ●l h.111
● anlmum ml Ihlh (,.1115$ 1.!11 b’A% lilll Rhl\ I !. ‘* ml, .In!l
6,(J M 1111 Ihr In}rlz,,nial JIIII IIIW \,I.rIII .11 11111,1-

tlllllb, fr+lw. ltlvrlv, b’lltl 1111, U@.#lnw. llv Illt,
10 ~ pmltl~m (,I thr haml,lr Irllultl IIW. I illlI II

lhr frhist,omtr ■rakulrmrlltl. hric. m~.lr bmIh

radlalrd Irl,lllvrly lllllfi~lml} kIlh A flr!rr,r.,r
c1f l#. hb 111,111 .)(): .f ● ,t#l MIIM lilt@.llhlfV at !1,{.

Fnd plirl l[lljh •lIIII~ ltlr Irllgtll of Itrr h~mlllc.

●lllf negllult)l~m V411411, )II ~(l,lhb lhr ttll{klll-hh.



The brain t-urrrnt riurlng Lhr varinuri irradi-

●tions varlrd from 1 to 8 p,lmps; howrvrr, dur-

ing a typl:ill 12-hnur prrlori, il was ukua]ly

h~ltl Confitant wilhin 10%. At Limrfi not under

●xprrimontdl CCnLrO] the hoam wns shul off

complctrly for ant) minute to scvrral hours.

Thr maximum Limr-avrragrd br.+m flux to the

samplr for the L pIciIl brim
~,rm>.:;c; ‘amp’

wss 5.2 pampfi/cm
Y ~3.2 x ~ols’’rr=”

Based upon IWSL cstlmatcs of thr damaRr ●nergy

crocs GrrLiOII [7] and Lhe Lhrrshold displare-
❑rnt cwrrgy [8] for these alloys, this proton

flq was calculated to produce roughly 6.2 x

10 dpalhour,

Smmplcu were irrwliatrd in ●ir at ●mbirrrt
Crmprraturr (~ 300C) in a C1OSCII targrc box;

however, Lhcr~ WJS sample hrat]ng duc co Lhr
beam Thi~ wan roup.hly 5°C/pan,p and 1.6°C/pamp
for thr Fr40Ni40P1411, ~rrd Ft. B snmplrs, r9,-

●prctively. Hrc.IIJKr (h,s hrw?!,~nvariud w,th

the beam currrnl for rnch irrad]atlun, thr
renimtance and thr lrngth ch~rrgr mo~%urrrnrnts

were corrcctrd to ● ronstant brnrn rurrrnt us-

iug ECdRUrt% tcmprralurr VJrl.ILiOn rnnstdnLri.

l! III -prcimrn h.~ldc,r WJS ■ountrd on J moLor

driven rlrvillor platform Ltldt nllowrd thr

samplrb to br rrmolr)y rilisrd or lowrvd in or

out of Lhr proton hr.lm, I“tlls ●llowr,i lhr ~lnnral-

ing b?havior to hr invrstlgatrd at varlnus
timer during Lhr irr~dliltion,

Conventional 4-lrad trsistanrr mr;l~urrmrnts
werr m.ldr 011 flIr bFIIIIIIlr S JIIII d KLJnfl.IId frhisl -

●nce wxiilg a m-1~.ur]fi~ 1.ut;rlll [t 1(’[1 n illldml).

Thim currrnt K.IX Irvrlsrii for rath mr,isulrnlrlli
to corrrfl foI Ltlrrm.il oml’s, Thr rmf IIWIIS,
which wrrr c*f lhr x.unv m.!lrrl Jl as thr ~.!mplv,

wcrr nlml-wrldrd 10 nvn (Iparl so lh.It th Ifi l*nr -
tion was III thr (rIItI,I (If lhr br,lrn. Nl”rilr. LJllIl’
■rmou~qmrnts wrrr mmtlr with ,1 IrprIMlu( IIIIIIly
of 10 “ dim; hIIwrvI,I , lhr Isn(rrtoltllly dIIII tn

variat lolls III hprr IIIIr II lrmp~,l.ltutr WI* ~:rrillrr
thmu lhIh tly JI lrmI!.1 .In oirlor nl m.lgnl f UIII..

Thr lrn~lh tlI.r IIKI” mr+sulrmrn[s worr nutlr ufi InM
● Ilne.lr v,lrlahlr dIltI,tI.IIlldl trllllklurmrr

(1.vm)WIIh ItIl. 01111 .Iti.llhd 111 Wllm ,.lld [If
thr namplr .I:III $plln~ I. IJIII.11 I\I III, II KII! Iv in

tFllnlnll . Ill,, 1,1’1)’l $IKII III b.IK .Impllllrd, ind
with tbr rmf ‘fi 1111 III!. IF!. IS1,IIIC I., w,rs mF,ls -

urrd, mn~lytird JIIII klI~IrIl .tI prtlndlr lntrr -

valn w%lng an awtmm.llvd 11.11.I pru(, rI. IIIE ~l,lt 11111.

Typ It~lly rich d.lii,m IMIIIII W.IS (IhIJIIIVIl Ili,m

thr •vrla~tn~ of IwrIIly rmf mrJnulrmrni~.

MX”JI.TS

Fig. I allll FIX. 2 k!II,b’ lhr Irbultfi (II Illr

rhangr of rt, hl:.1 ,1111r bIlh I lm~. 11111IIIX lhr hamr

iIrad141imfl MI 1111, }~.:i,NI. 1’,*II ,Ill!l [Ilr

FFROR)(I Slloys, tr%,ltn[lv:K Ynmldd,lltu,,
-hewn at IIIP holl(,m III IIIr il~urrq Ifi IIIIS
pnnlllwh IIi 1111. bJmlIlr III (II 11111 WI lhr t,r~m.
Both fl~ulrs -IIOW tho CIIffrIIIIII kIIId~ III d,ila,
lohrr rrhlhl Ju(r Irh IIlt* 1~,1 lbr n.tmlllr ●l

●mhlrnt trmlirt ,11UIIO II I-I .III.. r III.. Ilr,lm I% III I 111
Ihr ●aml)lr Ib Irmllthr[l lII,rI th,. lIr Jm .IIIII hIKIII. I

lrk Isla IIIr Ir+uilh hIlh thr l.mlmplr J! 411UVF

ambimt temprraturc due tn beam heating. rhe
sample rrsislancrti at above ambirnL tcmprraturr

have brrn correcLrd for variations of the bam
current from thr nominal value for this irra-

diation of 6 pamps. Basrd upon our mcanured
valura of l/R dR/dT for amorphous Fe

●lloy and literature values for Fe ~oti::ifi!w

thr resistance diffrrenccs between amhlent

tempt?raLure (beam off or out of beam) and
above ambicnl indicate that the 6 pamp ham

caused the two aamplea to bc respeclivrly,

35eC ●nt! 10°C ●bove ●mbient. The greater trm-
peraturc ●hnw ambient for the Fe4UNi40P ~B6

sample was because it was ❑ ore ■as~ive, Aavln,g
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FIG, 1

[lcctricdl resisttlncc vs tinw for a
F114,JII P ,!i dl]oy lrradi~tcd in d 6 :,itmp

fl) ~
IIudk o II D fir’1 protons. ?hc upper set EIf
d,lt~ polrtts ~rr for the sal:plc in the ho,lr:
and thus ho~twl to dbOVI? ,lrblent tcn’neratl~r~,
whllr Lhc lowur sat arc cfthpr wlLh th(~ bmn:

off Or out Of th(. bednl dnti thus are at dmbimt

ttvrprraturr,

“1
I

1
I
ma



roughly threr Lirscs th~ cross srrtiona] arra

‘f ‘he ~rkll%l ri.lmplr, Also, hrraubc the

formr Smplts WJS at hi~tlt’r trmprrdturr” In thr

proton bcmn, it had wldrr short-t]mr temper-
ature variations due t~ variahlr ronvrctlvc
cooling durinE irradiation ●nd thus shnwrd mor@
fractional scaLtrr in Lhe ●s-irradiated resist-

●nce values.

Am can bc sern from the dala for both ambient
temperature and above ●mbirnt, ●ach of chr two
meLallic glassrs shows ●n increa6r in resist-
●nce with irradiation. The FckoNj~~16B4%
●lloy ●xhibits an increase of rou~
(AP= 1.2 @c@ up to an irradiation time of
rou8htly 2 x 10 sec (56 hours). The ●ver-ge

proton flurr during this timr (corrected for

*:;rw::t20; :e;;llnjgf.::; “’apc ‘f ‘heThus th~B
flue cc ●t saturation was roughly 4 x 10

?“
p/cm - In addilion to Lhc above, lL may br
observed tilat thla alloy dors not ■bow ●pprr-

iablr ●nnralinR effrcts ●t room trmprraturr
when removed from thr beam, r.g., thr resist-

ance remained constant whrrr 1110 samplr waa
withdrawn from thr beam ●t vdrlou~ times
during thr ir~adl~tion and at the rnd of tht!

run (5.8 x 10’ src)m

The resistanrr of thr Fe80B,,r ●lloy, on
Lhe other hand. did noL Sdtfi~aLr during this
irradiation, alLt:ough thr shapr of thr curvr

indicated that il is approachin~ ●aturation.

11 showrd ruuchly ● 1.0% incrvpsr (AP ❑

2.6 pfl-rm) during th~ 5.q x 10) zrr nfl~rr.l(!i;
●tioh uhirh g.avr a flurnrr Uf 1.1 x IC p/ml- .

This ●mount~ LO s r~sis
of fluenm of 2.4 x lti1dv~J;~r17~J:J%JJr~~1t

be compa~rd WILII the Va]llF of 3.0 X 10 “

@Prm/cm for Lhr rrswlts III PIR. 1 ~or the

Fr40Ni40P161!6 ●lloy.

The wrnrslinR rrsullR whrn Ihr samplrs wrrr

lokrrrrd out of thr hram ●re not apprcciahly

dlf!crrrrt for t!lr two ●lloyu. Thr niRnll irant
finding is that ?hr irralli;:tinll-ill~lucr,l rOlI-
tributiun to thr rrhistancr WAS at~hir ●t morn

trmil~ralurem Thl~ was drkrrminrd tn IIF Irur

for longrr prrlo,ln of tlmr thin lndlcalrrf.

i.r., ●ftrr *WO wrrkri ●t room trmprr~tllrr, thr

rrsistancr wak siIll UnLhaIIErIlm AIAo, IL War

trur for ●nnrallng at up tu J’If)mC [nr 3 howrm

donr in situ uninn Jnulr hrallllR III thr

~r40N’40?16”(l ‘Jm’:!r’ ‘“F ‘m’’” ,dr’”;rafir
II rrslslfinir III }IM. 2 Inr thr }r nasrplr,

which orrufn ronxhly ovrI thr firs ![’l;!r af It-r

moving thr h.lmplrm from thr hr.am, wati d Irrullnr

10 trr ● Lransirnt dur In rfrlrraNlng ●amplr

lrmp~raturr sn thr amhirrrt trml,rraturr In thr

larRrt hox SUIIIIIIIIdInR lh~ baml)l~~ (lrlrram~d

(fry rouRhly lm~) in rrrom Irmprrmlulv aitrl

thr hrab, hratlnx wan stopprd, TiIr ●fiwln
of this Irnnnirnl wrrr mbsrurrci hv thr rrlc.r

of the ■rafiurrmrrrt ior tk It,irr ●lloy.

24p”:—-- ~__ .7 ,7-..,..-7. 1 i
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FIG 3
Length chanqe vs time of a Fe Ni P !I
alloy irradiated In a 2 ;.amp &m48f1fi08
MeV protrns with the sample in and out of
the beam as indlcatcd.

qucnt irradiation LO thr onr in Figs. 1 and 2.4
The proton brain currenL for thix irrlllfinti.in
was 2 pamim with thr sample aRain mnvtvl In dn,l

out of Lhr beam ax indic~trri III thr Inwrr pnr-

Lion of the figurr. Also, as lndirntrd iII tlw

flRurr, during thr mitidlr Lrf tiIIs irrtidl.ltlnn

thr Lrram wan off for 17 hourh, In nrdrr 10

Lilllk” l-l lhr lrrl~ltl ~~lilll~r rf (Ii L’l N IJi V.lri,llrll,

beam hratit,g of lhr s.rmit]r, Lhr lIvIELh r’h.IIIEIS

rrsulls which ● rt. rtiporLr’d nrr dlflt’rrlltl.11

❑rasuremrnts wiih rrsprrt 10 an filumlllurn wlrr

aasri)lr whirh was ,IISO 1:1 thr hr.+rn. 11 waH

dr~rrmincd in thi~ JIIII prrvlnus Irr.ldi.lt ion:;

ti)at ●lunrlnum and platinum dIrl nCIt show irrJdi-

●lien-intfurrrf irrrglh l,h.ln~rn, al lr;t~l Wltlilll

thr rxprri~rrtal vrror III tiw mri surrmr~)l.

Thr Irngth thnnRr rrrrulls ●pprsr to I,r sim-

ilar to Lh@ Irnifit.lnrr rrnults i~)t lili~ ●iloy.

Thr irr[,reanr in lrn~ih s.ltur.tlrH sllrr r*u~hly

2 x 10” nrr, ‘rilln i~ I;msrwhal unrxpr.(tr.,1

hinrc it is rnhghly onr-third thr hmlurfll ion

flllrnrr in FIRh. 1 and 2. ?hr ma~nltmir III ttw’

lrt1K!4 inrrram~ at n.rturalicm In .\l,/l. - 2

XII)”, A~ HILII lhr rrnlmlnnw mr,lhurrmrnlH
tlwrr wss no ●pparrnt AIInraliIIR rflrt.1 011 lhr

lrl!Rtl~ th~n~r nthl.1 th.111 a tih~)rt lran~lrnt

dur 10 dr{.reanrd I)t..lm hr*tinR wIM.11 Ihr hr.IDI

was off nr thr ❑flmplr was Inwerr(i nul of

‘d tho l-ram.

----

+Ilnforll,n.tr]v, Illi lrll~ltl tlldnRr Mrahlllrawnth

●ade dllt,lnR nvmr of lhr ral Ilrr 111.IIllal 11111*
wrrr found 10 !,r IIIV, II 1{1 ln,~ fIIImr III r,itllal llItl -

ill{ill~rd Irllglil lh.h IIRli~ Ilf lMlhlltlWll MJKIIIIIII!I.

whit-h orrurrrci jI~ ● hahrlllr hprl Imc,ll 11111111.I,

Thrsr rsllirr ¤r~hurrmrntm IiId, h,,wt,vrl, IIIn-

firm thr inr:ranr IU lrIIRth SIIIII ah in FIM. I

3



11 is worthhhllr LO cnn:. tdrr thr thdntir In

●lrctrlr;ll rrslstivlty from Lhr mr~surt, d rcslrrt -
●ncc and ]cngth rh.lngr$. lf Lhr lrnp,Lh chJngrs
sre considrrrd LO br Is(jtropic, and this is a

rFaSOllfih]r as~umrption for an ●morphn,ls m,lLeriai,

then thr fr~c~ion~l chankr III crosfi srrtlon~l

fires of the samplr IS LWIrr ~he valut, 01 thr

measurrd fractional lcn~th rhangr, .WA = 2 AL/L.

Thur Lhe fr~ctional chanRr in refiistivity,
WP = AR/It + A4fA - Al./l. is Riv n by
&t/~ +AIJL= 5 X ]0-”’ + 2 x 10

-5 = 7 x 10-3 aL
@atur*tion. This mr~ns that thr irradlation-
inducrd incrrasr in samplr dlmrnslons was
causing thi, frartiona] rhnrr~r in rrsisLlvity

to ho ●pprrclably grraLcr thiin LIIC ohsrrvcd

Ir.lt[lonal chanRr In rvs]stanrr. Fnr LhI.

P H alloy thr LOLJl rrsluL1viLy
kebo~itio IL
increasr ,s (!hus 1.7 p!l-rm with a pre-irr~dia-
Cion valur of 244 }fi)-rm. In Iutur(, rxprri-

■enta it will LIr d(,slr,lhlr to m~kr lhrhr mlws -
urrmcnts simult.rwuusly durln~ lhr siimr irradi-
●tion instc~d 0[ sequrnl Idlly as in Lhls sludy,

DISCUSSION

By anmlogy to radiation rllrcth In rrysLal]inr
❑rtals, wr nr)w rnn~ldrr r4rver,ll dlllrrt.111
●orlrls for how ptlrt Irl II Irr.ldl.lt ion i.~n hr

rxprctrd tn dffrr’1 ● mrl.lll ii’ EIJ%S. :11,111.1K
can hr ronvrnlrntly rl,l:.sl!lrd ,l{t.or~,lrlg to
whether thry ar+sumr Iri,l,lv-mtlvlrlg di,trtt~ whllh

●rr crrfit~,ll hy thr Irr.1,11.ltlou. kr I)IIIV th.r L

the COII(I.V1 (It a “drlIILl” [W C(IS 111 h, rxp.lnllrll

for=rl.l]llr ~1.l!ihl.- d:. I omp.lrid 111 ( rvhl.il I I:Ir

●etal~. For rx.lmpl~,, ill). lIm.lll III Lb!’ V.11.lrl(y J!’

thr inLrrktlll,ll ,I[i,m 11(,11(1 In J trv:l.lt

l*tlirr, 1,Ollt,, . *II ,.111>11 I in ●u .~m,,r ,,1,, ,!ls mJ l.,-

rial thal lhrrr ~rr Irl:r,,n$ {II 1111.Iliy hI~t I I}r

IOU drnslty whIrh arr rro.!lr,l h:.! thr ,It,mit

diaplacmm,llt~ durlrlx ttu. Irl.111.l!l,,u. ,f llft:rlt-

●d out hy [~hdl ~ drill 1.1 , [11}1 Ihrst. Il(,r,-l,,tl,llrt.il

drfrcth MJY ho mnhl II- h!I th.11 thrv !.lrl I .III$O

●lomir rr.lrr,\nRrmrnl . AI!, II, IIIC,V c.,lrl 1.., rx; w.t t-
rd to mulu,tlly .Illllllll I.IIc. Irl lhr s,lmr s,Iy 111,11

v~catrCl@h ●lld ln(Frhlltl.ll!. dtl,

Some mdrln Ill*t 1,111 AI ~IIUIIl for a r4dl.~llf,n-

in.lurrd III( lr.I*t’ III r..Itllt Jl IISII Irl IIIP rlrl I r I(. II

rrni~tlvlly III ● II AI IIIV .IIr .ss II II II IK:, : II)

atrtdy nt.ltr anrwJl Inp III hlllkk of Irr.l,llat 11111

produrrd drfrrlfi with <.IIIIIJIIIIII ok,tIItIInti 411WI

thr ratr IIf drll’[r IOL* tu FIIIhI. vIIIIJlfi IhIS

ratr of dt’ft’rl IIIUIIIIIIIIIII IIY lrl.1111.rtl,,~l, (II)
Lrradlatlf,rl-trllllltr,l .Itmllt nrdrlln~ trr.111,,1 tn.
Whllr Ibi?mllh Mllh K.lilll,lll(lll 11111111 II, K Ltlrll

thr qu~~l-t’,lilliltltlllm hl.ilr (II aloml( i.r.lrt
in rrachrd, [III) tIP,IIIIVI III SSI,III JIs.I.IIlrI -

rd rrR1.)rl* IIIW tn t hr .II tlmlt dihlli.i~c.mi III + III

~OlllnlW I.as(.lilrs ●nd !..llulallclrl WIIII IuII
nvrrlap III all thr IrKIIIIl:l.

●implc dofrrts, prrhaps ●nalaRousrl~o Frenkel
paira, which wrrc cre.rLed by the Ft(n, u)

reaction due to the large flux of thermal
nruLronb [11]. The rrsult% of our rxperimentrr
do not appear to flt this inte

one thinR, we do rLOL have the ‘e~[~~l~o~~a~~n

because the Lhrrmal neutron flux is ●stimatrd

to be ●rntremrly low. Here imprsrLanL1y, our
result that there ia no ●nnealinR away of
the @ or AL/L indicaLea that these chanRes
●re not duc to ●nhancrd conccnLrations of

mobile defrctrs. Alao, since the defects

observed by Amdouard, ●t ●t ●nnealrd out at
relatively low temperature (lOO°K ●nd 200°K),
the defect mobility would be ●xtrrmely high ●L

the ●mbient !omperaturea of our ●srperlmrnt so

that the steady sLst- defect concentration
would be vrry low. Baaed upon Lhe:e ●rgumrn!s,
we tend to eliminate atearfy alaLr drfect con-

centration modrla for undcrsLandinR our resulls,

It would ●pprar ❑ore likely that tt,e property
changes which we obarrvp ●rr due to ●ither of
the two ●tomic ordcrlng modrls, case (ii) or
caae (iii), TIIO former of thrsc, irrarliat~on-
Induced ●tomir ord~ring, ■iRht ●pprar to ●x-

plain our resu]ta; howrver, rrcrnL qurnrhlllR

●tudica on thr ~r~ Nik P P6 alloy [12] provldr
findings which trn~ tnOd~~J~rer wlLh ttii~ ln~rr-
prehlion. 11 WJS found that when Lhr rrsls[-
●nce wns momilurrd ●fter samplrs wrrr roolcd

ovrr short lrmprr,lturr r~ngrs (* ?t)°C), Lhrrp

waa ● tirnr drprndrnt drcrt.~sr in thr Flrrtrlr,ll

rrnlstlvity, ~? (qurnrh)”-- =’- 0.12 pt)-cmi lhis
drcrrase tias Jssoclatrd u]th alomlr rv.rrrflnur-
Elrrit$ 10 JL! III)-, lit ,1 nt.h fiLalr of ●t.,m, , ,Ir,j,,r,
SInrr lhr trml,.r~Lurr .lrt.rr,~6,. r~n ltr Cxl,rtlr,l

to produrr an lNcrrasr in ●lomlc ordrr, Lhcn
thr rroisLlvily Inrrr,snrs obsl.rvrd v;th lrrti:!la-

tlon ran only hr rxpln]nrd by a drcrrasr In Ihr
d(JRrrr of ●tomlu order, T~IIs Cont]uslnll ,%
im ●grrrmmlt wlih thr Inlrrprrlatlrsn of piP-

v~ciu~ly melit Innril Irradlatloll f.xIlrrimt.nLb

[1-31,

Thr intrrprrtalinrr that LIIF irradiating prn-
durem rnlllslort c.IsradIn whlrh rPfiulL In au
irrrramc in th~ structllr~l ,ll~l}r,lrr ,)f tllp
●lloy ●pprarn 10 flt (JUI rxprrlmelltal rrsilll+

am urn ● m ●mrro wlttl otkr xludlrs. [’hlllp,

ttlr r~tlmaled d,m,}~r rn~rgy tirosm s~rtl~,n It)r

IWO Hrt’ pn}Lmi ~lvrn hy I’arhln find Coultrr [71

fnr our Coml,,,sltlljn, bf. rNtlmalr 0,12 tll~.t for
lIIP s~turfltltm dt,nr lc~r ~r ~#.o, ,fl~.’~ at ‘t”~
Sat Ilrdt 11111 dlJh F, ltlp #Vr,.,1~1, filstallrr hFt W1.rll

tdbtadrs i~ rhl II, I, IIFII ,st 4( I atnmlr dlsl,rllirh,

Hy ●n.)l,,~v to rrr.lIltN III UIIICh lrradl~tlnll

rausrd lll.,• IIIFIIIIN III rrvnl~lltllr ●llijym !1 Ii,

1111* numhrr of dttwllc dislllat rrn?ntn ~.ollld hr
?xllrlld Ill hlh KlliflCl(.llt In (.r@#t@ ● ,,,M,.r,I-

lralinn ml dlhuillrrrtl regl~,nm SUIII lhdt lhrrr

j 1 ovrrl,lp Iirlut.,.,l IFE1,,II” ●,l{l 11,,,~ “Alllrht ,,,,,

III thr rr~latan~t$ Int,rrasr, II IS wutth mrrl-
tl,lnlnR that Ihf. n,llilr~tl,)n valur for .~l(ltr,ld)

lb rqmlvalrml It} Ihdt for J drl.rra~- In al IInr II
nldrt !,~,rrrfil,im,llllx it) ,tII lnt,rras~ III tpmprl -
●lmr~ nf 400”(” [1}], lhln plllvlllr~ 411 lndll.l-
tlOll Of thF F)IIIIIII ICSkhlrh [hFS@ ●ll[lym dlr
hrimn dlsordrtrtl hy thd Irradiatlmm,



Thr lrnRth lncrrasrs b-hlch wrrr otmvrvrd arr

morr dlfllcull LU fIL to a m,,drl for r~i!l.ltlon

damaRo th~n Lhosf- Ior rrslstlvlly. The diflcr-
●nt saturaLlon flut,nt-rs ol,svrvrtl for rrsiktlvlLy

●nd IcnEth ch~ngr may br duc rlthrr tn widr

differrnr~s (!actor of Lh’o) which h~vc hrrn

observed in the behavior of s~ml,lrs of Lhr

tamr ●lloy [4] or LO thr Liltfcrrnt fluxrs

(factor of three) for the two radiations-
FurLhrr 6tudles ire ncrdrd to undcrst~nd

this. Thr naLure of the r~diatloll ❑my be
relatrd LO thr lenRth increases. Calculation
of damagr due to BOO flrV pruLons [5] indicate

the creation of significant ●mounta of nurlr,lr

LrdWIIUtaliOI’I pILIducrs, particularly hydrogrn
●nd helium. TIIF prrdicted production rntrs

yield 50 ppm hydrugen and 3 ppm hellum for the

full irr~dlation in FIRa. 1 and 2, Proh~hly
these concrntratirms ●rc not lar~r rnouRl]

to rrfiult in agglomeration and thr formatlno
of gas bulibl~~,

The length increases ohsrrvwi in this study
●grre qudlitativrly with thosr of Chang Jnd
Li [10] on thr h.lmr mrtal]ic Rlass but lrr~-

diated wlLh hravy ions. Ilowvvor, it is difli-

cult to •~kf. a qunntiLallvr romparlsuo br-

CaUSe Lheil irrfidlallnn rrsulLed in a n~rrow

region of vrry hiRh dnmn~r iInd vrry lur.i]17rd

Icngth chan~rfi, Thrir Intrrprrtation for thr

l~ngth incrrJbr bws that It wat4 dur to Lhv fnr-

●ation rithcr of voi{is or of smllll rrgions of

excess Volumt, andlaRous 10 a vnrancy. lhls
exp]an.lLion does IMI1, howovf’r, prot-idr a mrrh-

JniRm hy whlrll thr satur.ltlon L,f thr lrn~ih

incrrasr OCCUIS, L411!r cur rxp!n~allnn dcrti.
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